The purpose of this study is to develop a semi-automated method to measure white matter lesion (WML) volumes in four different categories, and to assess the accuracy of the method. The four-category classification of white matter lesions has the potential of providing better etiological and functional relevance than the conventional two-category classification of periventricular and deep WMLs. The methodological steps are as follows. First, the Statistical Parametric Mapping (SPM) software is used to strip off the skull and scalp, and segment the FLAIR MR images of the brain into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF). Second, such segmentation is corrected manually. Third, the white matter is partitioned into four categories. Fourth, the mean, variance of each category is computed. Then the user selects a suitable threshold that differentiates WML from normal tissues. Finally, the WML volumes for each category are calculated. Three cases which represent mild, moderate and severe WML are used to test our proposed method. The overlap percentage between our method and the gold standard is 77%, which compares favorably with the best results of 62.2% published in the literature. Based on the test results, our semi-automated method is promising to be a useful tool in quantitative measurement of white matter lesions.
Introduction
White matter lesions (WML) have commonly been seen on MR images of elderly people and have been suggested to be associated with falls secondary to degradation in balance, gait, and mobility [1] - [3] . They have also been seen in patients who suffer from cognitive dysfunction, dementia, Alzheimer's disease, and multiple sclerosis [4] - [6] .
The relationship between the location and volume of white matter lesions and the severity of disease has drawn attention from the research community. The MRI image sequence best used for quantitative volume measurement is the fluid attenuated inversion recovery (FLAIR) sequence [7] , [8] because it manifests WMLs as brighter signals than normal tissues so that WMLs can be differentiated and measured more easily than on other sequences.
Over the years, researchers have attempted to develop fully automated methods to analyze hyperintensity white matter lesions (WML) from FLAIR images because automated methods are more reproducible whereas as compared to manual methods.. However, fully automated methods have not yet fully achieved the desired level of accuracy and robustness [9] - [12] .
In addition, the conventional partition of WMLs into periventricular WMLs and deep WMLs [13] has been criticized because the distinction between them is ill defined. More recently, [14] suggested a four-category sub-classification, which takes into consideration the etiology, histopathology, functional correlates and imaging methodologies of WMLs. Specifically, this four-category sub-classification stratifies WMLs into juxtaventricular (within 3mm from ventricular surface), periventricular (3-13mm from ventricular surface), deep (between periventricular white matter and juxtacortical white matter), and juxtacortical ( within 4mm from corticomedullary junction) locations.
In this study, we propose a semi-automated method to partition the white matter into the four categories described above and to detect WML volumes within each of the four categories. Three cases which represent mild, moderate and severe WML are presented. The results show that our semi-automated method is sufficiently accurate to quantitatively measure WMLs.
Methods
Both juxtaventricular and periventricular WM regions are defined with respect to the surface of ventricles. The ventricles on FLAIR images have much lower intensity than the rest of the images, and therefore can be extracted reliably by thresholding technique followed by noise removing operations.
The juxtacortical region is defined as the image region within 4mm from corticomedullary junction. In general, the SPM segmentation result is not precise enough to enable accurate delineation of the GM-WM boundary. This is where the user's manual correction is helpful. The original FLAIR image and its corresponding CSF map generated by the SPM are displayed side by side on the screen. The user uses a
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Our proposed semi-automated method consists of five stages. First, the skull and the scalp are stripped off by SPM software. Second, the brain image is segmented into GM, WM, CSF and ventricles. Third, the white matter region is further classified into four categories: juxtaventricular, periventricular, deep, and juxtacortical categories. Fourth, the mean and variance for each of the four categories are computed, and in turn, the corresponding differentiating threshold for detecting white matter lesions (WML) is determined. Finally, WMLs in each of the four categories are detected and displayed.
Subjects and MR Images
We randomly selected 3 MRI scans of Chang Gung Memorial Hospital's patients: one having mild WML, another having moderate WML, and the third one having severe WML. MR images were acquired on the Gyroscan intera scanner manufactured by Philips Medical System. The study was approved by the Institutional Review Board (IRB) of Chang Gung Memorial Hospital.
Fluid attenuated inversion recovery (FLAIR) sequence MR Images were used in this study. FLAIR sequence highlights white matter hyperintensity lesions better than other MR sequences because it suppresses the unwanted high-intensity "noise" originating from cerebrospinal fluid.
Brain Image Segmentation
SPM open source software was used to segment the FLAIR image set into GM, WM and CSF, followed by human corrections because SPM is designed to segment brain images of normal subjects.
Four-Category Sub-classification
Once the FLAIR brain images were segmented into GM, WM and CSF, we focused on the WM region and further partitioned it into four categories, as proposed by Kim et al. [14] . These four categories are: juxtaventricular, periventricular, deep, and juxtacortical white matter regions, respectively. drawing pen or a mouse to delineate small regions to be added to or removed from the CSF region. The CSF region is updated instantly after each user's correction. Once finalized, the CSF boundary is determined and subsequently dilated by a suitable amount to lock onto the GM-WM boundary from which the juxtacortical region can be determined by computing the distance between each voxel and this GM-WM boundary. Finally, the deep WM region is determined by subtracting the juxtaventricular, periventricular, and juxtacortical regions.
Determination of White Matter Lesion
A voxel is classified to be a lesion voxel if its intensity is larger than the predetermined threshold that differentiates WML from normal tissues. To determine the differentiating threshold for a particular category, TH_ category_i, the user draws a free-hand ROI that contains normal tissue only and no WMLs. Voxels of the same category within the ROI will be grouped together to compute that category's mean and variance. Subsequently, the differentiating threshold for each category is determined by the following equation:
where category_i∈{juxtaventricular, periventricular, deep, juxtacortical} and k is a user selectable variable with a default value being 2.5. Furthermore, the ROI is drawn on a user selected slice only once and the computed threshold is applied to all slices of the image set. Any pixel whose intensity is larger than its own relevant TH_category_i is classified to be a lesion pixel.
Performance Evaluation
The true WML volume is determined by a senior neurologist. The accuracy of the semi-automated WML method proposed herein is calculated using the concept of overlap percentage defined below: Fig. 1 shows the processed results for slice #13 of the mild WML case. The top left panel displays the original image. The forward and backward buttons allow the user to scroll through the whole set of images. The top right panel shows the segmentation result generated by the SPM software, which has stripped away the skull and scalp and separated the GM + WM areas (in white) from the CSF (in black). The ventricles are not shown in the figures intentionally to simplify the illustration. The top central panel shows the final results overlaid on the original image. The white matter has been classified into four categories: juxtaventricular (cyan), periventricular (green), deep (orange), and juxtacortical (blue) white matter regions, with white matter lesions shown in red. Fig. 2 shows the processed results for slice #12 of the moderate case. Note that the right middle portion of the image has brain atrophy resulting from earlier stroke. The SPM software cannot segment this portion correctly, and therefore, needs human intervention to make corrections. Fig. 3 shows the processed results for slice #12 of the severe case.
Results
The overall overlap percentage for the three test cases is 77% if a single value of parameter k in (1) is applied to the whole image set. However, the overall overlap percentage is 85% if a different value of k can be selected on a slice by slice basis. Volume 7, Number 4, October 2017 
Discussion
Our method proposes a reasonable computer assisted diagnosis paradigm as applied to the challenge of quantitative measurement of WML volumes. Our method is based on SPM12, the latest version of the "standard" open source software for general purpose neuroimaging analysis, and therefore, builds upon the strength of the most powerful software commonly used in the neuroimaging research community. The SPM is designed for analyzing normal subjects. Its segmentation results on images containing white matter lesions may have errors, and so manual corrections are necessary.
Smart and colleagues [11] compared the performance of four fully automated methods that dealt with International Journal of Bioscience, Biochemistry and Bioinformatics MR images acquired from real patients instead of from phantoms and reported the highest achievable overlap percentage to be 62.2%. Our semi-automated method's overlap percentage of 77% and 85% compare favorably with the above published values. The preliminary results based on three test cases representing three levels of WML severity showed that our proposed method is promising. We are currently in the process of acquiring and testing a larger set of cases to further validate the robustness and suitability of our method in quantitative measurement of white matter lesions.
In the future, we will investigate the relationship between various types of brain functional impairment and white matter volumes of four categories to advance medical knowledge in this regard.
